Although many herbal medicines are effective in the treatment of hyperpigmentation, the potency of different constituents remains unknown. In this work, more than 20,000 herbal ingredients from 453 herbs were docked into the crystal structures of adenylyl cyclase and a human homology tyrosinase model using Surflex-Dock. These two enzymes are responsible for melanin production and inhibition of them may attain a skin-whitening effect superior to currently available agents. The essential drug properties for topical formulation of the herbal ingredients, including skin permeability, sensitization, irritation, corrosive and carcinogenic properties were predicted by Dermwin, Skin Sensitization Alerts (SSA), Skin Irritation Corrosion Rules Estimation Tool (SICRET) and Benigni/Bossa rulebase module of Toxtree. Moreover, similarity ensemble and pharmacophore mapping approaches were used to forecast other potential targets for these herbal compounds by the software, SEArch and PharmMapper. Overall, this study predicted seven compounds to have advanced drug-like properties over the well-known effective tyrosinase inhibitors, arbutin and kojic acid. These seven compounds have the highest potential for further in vitro and in vivo investigation with the aim of developing safe and high-efficacy skin-whitening agents.
Many skin-whitening products contain one or more active ingredients that can inhibit tyrosinase and lead to interference of skin melanogenesis. Tyrosinase exists in many organisms, including plants, animals and humans. It is the rate limiting enzyme to induce the synthesis of eumelanin and pheomelanin by catalyzing tyrosine hydroxylation through different pathways [1] . The most widely used tyrosinase inhibitors in cosmetic and medical hyperpigmentation treatment are kojic acid, arbutin and hydroquinone. All have their own limitations, for instance, kojic acid is considered to have sensitizing potential and its long term use may cause dermatitis [2] . Arbutin has low skin permability, which limits its efficiency [3] . Hydroquinone can produce cytotoxic effect, especially phototoxicity [4] . Consequently, new inhibitors with fewer adverse effects and higher efficiency are required.
Recent study [5] indicated the potential of targeting another enzyme, named adenylyl cyclase, which can interfere with skin melanogenesis and may lead to the development of new skinwhitening agents. Adenylyl cyclase is a transmembrane protein with a neurotransmitter receptor that regulated cAMP signals [6] . During melanogenesis, melanocytes differentiate and activate the cAMPdependent protein kinases A (PKAs) and cAMP-response element binding protein (CREB) transcription factor. Inhibition of adenylyl cyclase can influence the regular signal pathways and reduce melanin synthesis [5] . Therefore, this study suggests that inhibitors which can hinder both tyrosinase and adenylyl cyclase may produce a more advanced skin-whitening effect than currently available agents. The aim of this study is to use computer simulation techniques to predict topical active ingredients that can inhibit these two enzymes.
Initiation of the development of a new pharmacological agent can be difficult and utilization of in silico methods to screen herbal databases can be one of the solutions. Herbs are proven to contain chemicals that can be used as medicine and there are many wellknown examples [7] . For skin-whitening effects, certain herbs, such as various species of Artocarpos and Lindera aggregata have proved to inhibit tyrosinase better than kojic acid and arbutin [8] . In our previous work [9] , 43 natural compounds from 3 herbs were studied for their possibility of being skin-whitening agent by various in silico methods. As an extension, we have calculated the binding score of more than 20,000 compounds from 453 herbs in both tyrosinase and adenylyl cyclase models. All structures of the natural compounds were downloaded from the TCM database@Taiwan [10] . The drug-like properties for topical uses of these compounds were also simulated, including their skin permeability, sensitization, irritation, corrosion, and carcinogenicity. Moreover, multi-target predictions were also performed to explore the possibility of the natural compounds binding to other proteins to produce adverse effects. The in silico simulations of these properties are important in the early stage of the drug discovery process, as they could save significant research resources. For instance, hundreds of tyrosinase inhibitors are discovered, but most of them have either poor skin permeability or adverse effects and only a few are approved for clinical use [11] .
Here, 20,000 compounds from 453 TCM ingredients were docked into a human homology tyrosinase model and 2 adenylyl cyclase crystal structures to explore their binding affinities and modes using Surflex-Dock. The scores of the top 50 ranked compounds of the three enzyme models are shown in Figure 1 . Most of these compounds have the highest binding scores to the 2BW7, 1UOH and tyrosinase models. This indicates that the binding residues of adenylyl cyclase are more favorable to these natural compounds than of tyrosinase. This indicates that these compounds are more prone to inhibit adenylyl cyclase than tyrosinase. However, further experiments are required to prove this. Out of all the tested compounds, only 41, 55 and 47 of them have better binding scores than kojic acid and chrysin in the tyrosinase homology model, 1UOH and 2BW7, respectively. Kojic acid is a popular tyrosinase inhibitor using in many commercial skin-whitening products, whereas, chrysin is a natural flavone from Passiflora incarnata and is an experimentally proved adenylyl cyclase inhibitor [5] . Among the tested compounds, 32 have binding scores higher than both kojic acid and chrysin. These compounds have various structural characteristics, mainly related to stilbenes, long-chain lipids and polyphenols, including flavonols, flavones and isoflavones. Compounds with these functional groups have already been shown to have tyrosinase inhibition properties [11] . Of these 32 compounds, only 7 are predicted as non-irritant, non-corrosive and non-carcinogenic (Table 1 ). This indicates that most of these compounds may not have the appropriate drug-like properties and may explain the reasons why only a few of the in vitro identified tyrosinase inhibitors are being used commercially and clinically. As an example, stilbostemin P from Stemona japonica has good binding affinity, but poor drug-like properties (Figure 2) . Stilbostemin P is a bibenzyl derivative and many of its structurally related compounds are known to be strong tyrosinase inhibitors [12] . In this study, stilbostemin P obtained binding scores of 8.03, 6.33 and 9.44 in the tyrosinase, 1UOH and 2BW7 tests, respectively, whereas the score for kojic acid in the tyrosinase test was only 3.84 and that of chrysin in 1UOH and 2BW7 were 3.80 and 5.81. This shows that stilbostemin P may bind to these enzymes in a more stable mode and is a potentially stronger inhibitor than kojic acid and chrysin. However, stilbostemin P contains ether and phenol groups that may cause irritation and corrosion to skin, and the SICRET predicts stilbostemin P as either irritating or corrosive to skin, and SSA predicts it with the skin sensitization alert of MA (Michael Acceptor). Therefore stilbostemin P is predicted to have skin-whitening effects, but poor drug-like properties. There are other examples of natural compounds having better binding scores than both kojic acid and chrysin, but poor predicted drug-like properties, such as β-santalol, sarmentol C and (+)-praeruptorin E (Figure 2 ). β-Santalol obtained the advanced binding scores of 7.10, 5.82 and 6.99 in the tyrosinase, 1UOH and 2BW7 tests, respectively. β-Santalol is a sesquiterpene from Santalum album and a structurally related compound, α-santalol, has been shown to inhibit tyrosinase better than kojic acid by both TLCbioautographic and colorimetric methods [13] . However, the aliphatic alcohol functional group of β-santalol causes the SICRET to predict it as a skin irritant and has a sensitization alert of SB (Schiff Base formation). Sarmentol C is one of the major active ingredients of Sedum sarmentosum, extracts of which have been used in patented skin-whitening products [14] , but sarmentol C is here predicted to cause irritation to skin. (+)-Praeruptorin E from Peucedani Radix has been used in the treatment of respiratory and pulmonary disorders [15] . Here, it obtained advanced binding scores of 5.20, 6.32 and 9.75 in the tyrosinase, 1UOH and 2BW7 tests, respectively. It is not corrosive to skin, but is predicted to have a high risk of causing skin sensitization, suggested by attaining four skin sensitization alerts of M A, SB, S N 2 (second order nucleophilic aliphatic substitution) and AC (acyl transfer agents). Apart from skin sensitization, irritation and corrosion, skin permeability is also one of the limitations for many tyrosinase inhibitors, including the best known skin whitening agents, kojic acid and arbutin [3] . Various drug delivery techniques have been invented to counteract this limitation. For example, arbutin is highly hydrophilic and hygroscopic, making it difficult to penetrate the stratum corneum, but using the ionotropic gelation technique with chitosan nanoparticles can increase arbutin skin permeability [16] , although cost is a concern. Here, the predicted permeability coefficient (K p ) values of kojic acid and arbutin are 9.38x10 -5 cm/h and 5.98x10 -6 cm/h, respectively, which are much lower than those of the top 7 ranked compounds in this study, having K p value ranges from 1.48x10 -3 cm/h to 2.06 cm/h (Table 1 ). This indicates the acceptable skin permeability of these compounds and the usage of further drug delivery techniques may not be required.
In terms of the multi-target prediction results, the ligand chemical similarity based approach of SEArch [17] and the pharmacophore mapping approach of PharmMapper [18] are different ( Table 2 ). The predicted target proteins from the two approaches do not match (Table 2) , which is mainly due to their method diversity and the large amount of screening targets. At the time of performing this study, SEArch contains information of 65,000 protein-ligand interactions and PharmMapper encloses 7,000 pharmacophore models. Both methods have been validated by their developers using different models with different accuracy for different ligand/target systems. For instance, the validation of the chemical similarity based approach of SEArch was performed on 3,665 FDA approved drugs and thousands of unanticipated interactions were predicted. Among them, 30 of these interactions were tested experimentally and 23 of them were confirmed [19] . The pharmacophore mapping approach of PharmMapper obtained promising receiver operating characteristic enrichment (ROCE) in both test cases of tamoxifen and methotrexate [18] . In this study, it is difficult to comment on their accuracy without further experimental investigations on our predicted receptors, nevertheless the results in Table 2 here provide the potential binding targets of the natural compounds using high quality scientific methods.
Among all the compounds in this study, belamcandol A from Belamcanda chinensis is predicted as one of the best potential drug candidates for hyper-pigmentation disorder. In addition to its advanced binding score for tyrosinase and adenylyl cyclase, its skin permeability is also superior. It was found that belamcandol A forms hydrogen bonds with numerous residues of the tyrosinase model. They are His202, Glu203, Asp317, Glu319, Asn342, Tyr369, His367, Ser361, Asn364, Ser375, Val377, Ala486, Thr489
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and Ala490 (Figure 3) . Also, residues Trp195, Phe200, Val318, Phe338, Met362, His363, Ala365, Ile368, Met374, Gln376, Gly485 and Val487 were involved in van der Waals interactions. For the adenylyl cyclase binding simulation, belamcandol A also strongly interacted with many residues, including Ala404, Cys407, Ala409, Leu412, Phe400, Gly439, Asp1018, Ile1019, Gly1021, Asn1022 and Asn1025 (Figure 4 ). The structure of belamcandol A contains both hydrophilic and hydrophobic regions (Table 1) , featuring a reasonable lipophilicity/hydrophilicity balance and obtaining an outstanding permeability coefficient (K p ) value of 2.06 cm/h. High skin permeability may cause a complete diffusion through human skin and deposition in the bloodstream, leading to systemic adverse effects, however it can generally be controlled by careful selection of dosages. In terms of skin sensitization, the structure of belamcandol A contains the Michael acceptor (MA) alert, which is considered as a weak skin sensitization indicator in comparison with the others, such as S N Ar and S N 2 [20] . The botanical source of belamcandol A, Belamcanda chinensis, has been shown to have hypoglycemic, antimutagenic and anti-oxidant activities; it has also been used for menstrual disorders, and throat ailments [21] . However, no skin-whitening effect has been reported in the published literature from PubMed, Cochrane Library, China National Knowledge Infrastructure Databases (CNKI), Chinese Science and Technology Periodical Database (VIP), China Biomedical Database web (CBM) and Wanfang Database. Therefore, we believe this study is the first to suggest the melanin suppression effects of this molecule. In addition, the top 5 predicted potential targets from SEArch and PharmMapper have not reported any adverse effects on human skin.
The second best ranked potential skin-whitening compound was shanciol B, a dihydrophenanthropyran from Pleione bulbocodioides, which is also a potential microsomal prostaglandin E synthase-1 (inflammation) inhibitor [22] . Shanciol B showed good skin permeability and a strong binding score to adenylyl cyclase (Table  1) . However, the skin sensitization alerts of MA and S N 2 may limit its use in topical formulation. The third best ranked natural compound was dia-aurantiamide acetate, which, along with its analogues, has shown analgesic and anti-inflammatory activity with no ulcerogenic liability in an animal study [23] . In terms of antioxidant properties, it exhibited some inhibitory activity toward superoxide radical generation [24] . In this study, dia-aurantiamide acetate obtained good binding scores against both tyrosinase and adenylyl cyclase, but its chemical structure is considered to be an acyl transfer agent that may be a skin sensitization hazard ( Table 1) . The fourth and fifth ranked compounds were dihydroferulic acid and dehydro-β-tocopherol, respectively. Dihydroferulic acid is an antioxidant that scavenges free radicals induced by UV radiation, whereas dehydro-β-tocopherol has vitamin E activity, including the prevention of collagen cross linking, lipid peroxidation and sunscreen effects [25] . This study has shown that the combined use of ferulic acid and tocopherol can increase their stability and produce prolonged photoprotection effects [26] . Here, we predicted a high degree of stability of these two compounds in both tyrosinase and adenylyl cyclase. Therefore, both of these compounds may have antioxidant, photoprotective and skin-whitening properties. However, vitamin E and its analogues have caused contact dermatitis and should be used with caution for patients with sensitive skins [27] .
The last two ranked compounds with binding scores greater than both chrysin and tyrosinase are tussilagone and 4-phenethyl-1,7-diphenyl-1-heptene-3,5-dione (Table 1) . Both are known to exert a variety of pharmacological activities. For example, tussilagone is a cardiovascular-respiratory stimulant, and also has anti-inflammatory activity by inducing heme oxygenase-1 expression [28] . 4-Phenethyl-1,7-diphenyl-1-heptene-3,5-dione is a platelet-activating factor antagonist with anti-bacterial properties. Again, no skinwhitening effects of these two compounds have been reported, and here we propose the potential melanin suppression properties of these two compounds.
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Mitogen-activated protein kinase 14 binding score of 3.40 against tyrosinase, which is slightly lower than the 3.84 of kojic acid. However, it produces a more stable complex with adenylyl cyclase than chrysin, indicating by the binding scores of 7.93 and 11.60 in 1U0H and 2BW7. 10-Gingerdiol has been used as an antibacterial agent and its structurally related compound, [6] -gingerol, has been shown to inhibit tyrosinase and also melanogenesis in B16F10 melanoma cells [29] . In this study, 10-gingerdiol demonstrated good binding scores to both tyrosinase and adenylyl cyclase, and was predicted as non-irritant, non-corrosive and non-carcinogenic, having good skin permeability with a K p value of 0.09 and containing the relatively weak skin sensitization alert, MA. Therefore, it is a good candidate for further in vitro and in vivo experiments.
Another compound worth mentioning is nonivamide, which is a capsaicinoid found in chili peppers. In our study, it obtained binding scores against tyrosinase, 1U0H and 2BW7 of 1.42, 7.89 and 5.82, respectively. These values indicate more advanced binding stability than that of chrysin, but are less than those of kojic acid. Nonivamide is the only one of the top 50 ranked herbal compounds with recorded protein-ligand interactions in the STITCH database [30] , which contains information of over 300,000 chemicals and 2.6 million proteins from 1133 organisms. The proteins that interact with nonviamide are the snail homolog 1 (SNAI1), transient receptor potential cation channel (TRPV1) and DNA-damageinducible transcript 3 (DDIT3). Interestingly, studies have demonstrated that TRPV1 protein was expressed significantly more in elderly aged skin and it may affect senile skin symptoms [31] . However, skin sensitization may be a concern for its use in a skinwhitening topical formulation as indicated by the MA and AC skin sensitization alert.
In summary, this study performed various in silico simulations on over 20,000 natural compounds to select potential skin-whitening agents for further in vitro experiments. The simulations are docking, skin permeability, sensitization, irritation, corrosive, carcinogenicity and multi-target predictions. These in silico technologies cannot guarantee the identification of advanced skin-whitening drugs, but Natural tyrosinase and adenylyl cyclase inhibitors Natural Product Communications Vol. 9 (2) 2014 193 the integration of these in a drug development process can help to eliminate compounds that may not be effective or might cause unacceptable side effects. Among the 20,000 tested compounds in this study, some of them are predicted to have more advanced druglike properties than kojic acid and further experimental investigations are suggested for these candidates.
Experimental
Docking simulation: Flexible dockings were performed using the hammerhead docking system named Surflex-Dock [32] , which is implemented in the SYBYL-X 1.3 (TRIPOS, L.P. St. Louis, MO, USA). Surflex-Dock has produced high-quality docking results in the simulations of our target enzyme, tyrosinase [33] [34] [35] . All structures of the natural compounds were obtained from the TCM database@Taiwan [10] , which is claimed as the largest traditional Chinese medicine database at the time of performing this study. In terms of the macromolecules, there are no available human crystal structures for both the adenylyl cyclase and tyrosinase at the time of performing this study. Therefore we employed a tyrosinase homology model that was retrieved from the ModBase database [36] . This model has an E-value of 2 x 10 -52 , model score of 0.79 and sequence identity of 20%, which showed its acceptable reliability for usage in docking simulation. As no human structural homology model was available for adenylyl cyclase, two crystal structures of different species from the Protein Databank were used. They were the chain A of 1U0H [37] and 2BW7 [38] , which were derived from Canis lupus familiaris and Spirulina platensis, respectively. All the molecular structures were minimized using the standard tripos force field [39] previous to the docking simulations and the docking parameters being set as default in Surflex-Dock, such as 0.5 for the protomol threshold and 0.0 for the protomol bloat. The resulting binding modes were analyzed using LIGPLOT [40] and figures were constructed using PyMOL [41] .
Prediction of skin irritation, corrosion and sensitization:
The techniques used to predict skin irritation and corrosion are the QSAR based tools implemented in the ToxTree software, named Skin Irritation Corrosion Rules Estimation Tool (SICRET) [42] . Its prediction is based on the physicochemical properties and structural rules of the natural compounds. Using SICRET, the degree of skin stimulation can be distinguished into 7 groups, including: not corrosive to skin, not irritating to skin, not either irritating or corrosive to skin, irritating to skin, corrosive to skin, irritating and corrosive to skin and unknown. In terms of skin sensitization simulation, another attached module of ToxTree called Skin Sensitization Alerts (SSA) [43] was employed. It uses a SMARTS pattern based approach to calculate the molecular orbits and estimates the molecule action mechanisms that may cause skin sensitizations. The outcome of SSA predictions contains 6 categories, which are the S N Ar, Schiff base formation, Michael Acceptor, acyl transfer agent, S N 2 and no skin sensitization. Evaluation showed SSA correctly predicted the reaction mechanisms of 203 out of 208 compounds [44] .
Prediction of carcinogenicity and skin permeability: The Benigni/Bossa rulebase [45] was used to determine the carcinogenicity of the natural compounds. This tool contains 3 QSAR models and 33 structural alerts and each of them has their own sensitivity and accuracy. Study showed that the combination of using them achieved a true positive rate of 92.9% [46] . Another QSAR based model called Dermal Permeability Coefficient Program (DERMWIN) was employed to predict the skin permeability of the natural compounds by calculating the octanol/water partition coefficient (K ow ) and permeability coefficient (K p ) values. DERMWIN was developed by the U.S. Environmental Protection Agency and it is based on the modified version of one of the most cited QSAR models developed by Pott and Guy to calculate the K p value [47] .
Prediction of multi-drug target:
It is now well-documented that a drug can either inhibit or induce different receptors and produce various pharmacological effects [48] . Consequently, polypharmacology is becoming a trend in drug discovery research, especially in the field of drug repurposing [49] . Here, the two diverse high-speed in silico methods called similarity ensemble approach (SEA) [17] and pharmacophore mapping approach (PMA) [18] were used to explore the potential targets, which may produce pharmacological effects. The technique of SEA implemented in the SEArch software quantitatively assembles related protein based on the chemical similarity of their ligands, whereas the PMA implemented in the PharmMapper automatically simulates best mapping poses of the natural compounds against all the pharmacophore models in its database. At the time of performing this study, SEArch contains information of 65000 protein-ligand interactions and PharmMapper encloses 7000 pharmacophore models.
